C-type natriuretic peptide activation of guanylyl cyclase B (GC-B), also known as natriuretic peptide receptor B or NPR2, stimulates long bone growth, and missense mutations in GC-B cause dwarfism. Four such mutants (L658F, Y708C, R776W, and G959A) bound 125 I-C-type natriuretic peptide on the surface of cells but failed to synthesize cGMP in membrane GC assays. Immunofluorescence microscopy also indicated that the mutant receptors were on the cell surface. All mutant proteins were dephosphorylated and incompletely glycosylated, but dephosphorylation did not explain the inactivation because the mutations inactivated a "constitutively phosphorylated" enzyme. Tunicamycin inhibition of glycosylation in the endoplasmic reticulum or mutation of the Asn-24 glycosylation site decreased GC activity, but neither inhibition of glycosylation in the Golgi by N-acetylglucosaminyltransferase I gene inactivation nor PNGase F deglycosylation of fully processed GC-B reduced GC activity. We conclude that endoplasmic reticulummediated glycosylation is required for the formation of an active catalytic, but not ligand-binding domain, and that mutations that inhibit this process cause dwarfism.
Homozygous inactivating mutations in GC-B result in acromesomelic dysplasia, type Maroteaux (AMDM) dwarfism (15) (16) (17) (18) , and heterozygous inactivating mutations in GC-B cause non-pathological reductions in stature (19) . Heterozygous inactivating mutations in GC-B are also associated with short stature observed in Léri-Weill dyschondrosteosis (20) . Conversely, genetic mutations that increase GC-B activity result in skeletal overgrowth (21) (22) (23) .
At least 29 unique inactivating missense mutations in GC-B have been identified in humans (15-19, 24 -27) . These mutations are randomly distributed from the N terminus (Pro-32) to the C terminus (G959A) of the enzyme, consistent with two potential mechanisms. The first involves multiple processes like disruption of CNP or GTP binding to the enzyme. The second more general mechanism involves conformational changes in the structure of GC-B that preclude catalytic domain formation or activation.
Previous investigators reported that 11 of 12 (25) , two of three (26, 27) , or one of two (24) missense mutations inhibited the transport of GC-B to the cell surface because of defective cellular trafficking and retention in the ER, as indicated by reduced immunofluorescence imaging of GC-B associated with the plasma membrane. Thus, the current model is that AMDM mutations disrupt intracellular trafficking of GC-B.
Here we characterized four intracellular missense AMDM mutations in GC-B. In contrast to previous reports, we found that all mutants were on the cell surface. However, the GC activity of each mutant was severely reduced or abolished. The mutant receptors migrated as incompletely glycosylated species when fractionated by SDS-PAGE, and inhibition of glycosylation in the ER, but not in the Golgi, produced enzymes with similarly reduced catalytic activity.
Experimental Procedures
Reagents-125 I-cGMP radioimmunoassay kits and 125 I-CNP-22 were from Perkin Elmer Life Sciences. Non-radioactive natriuretic peptides were from Sigma. ProQ Diamond dye and wheat germ agglutinin were from Life Technologies. Tunicamycin was from Millipore Corp. (Billerica, MA).
Cell Culture, Transfections, and cDNAs-293T-GC-B cells were maintained as described previously (28) . GnT1 293 cells lacking the Golgi N-acetylglucosaminyltransferase I enzyme (29) were purchased from the ATCC (Manassas, VA). 293T cells were transfected using the calcium/phosphate method as described previously (30) . For HeLa cells, a 1:2 mass ratio of plasmid DNA to Lipofectimine2000 was incubated in 0.5 ml of Opti-MEM for 20 min before addition to cells. The mutants used for CNP binding and guanylyl cyclase assays were generated in the rat cDNA backbone. The mutants used for the immunofluorescence studies were generated in the HA-tagged human GC-B cDNA (16) .
Immunofluorescence-HeLa cells were fixed with 4% formaldehyde in PBS for 15 min at room temperature and stained for the plasma membrane with wheat germ agglutinin 594 at 5 g/ml for 10 min. Cells were then incubated in PBS containing 2% BSA for 30 min. Cells were then incubated with a 1/1000 dilution of the anti-HA monoclonal antibody AFC-101P (Covance) overnight at 4°C. Cells were rinsed and incubated with Alexa Fluor 488-conjugated anti-mouse IgG (Life Technologies, A-11001) at 1/500 dilution for 30 min at room temperature to visualize immunocomplexes. Nuclei were stained with a 1/10,000 dilution of DAPI (Invitrogen, D-1306). Images were obtained using a Deltavision Personal DV microscope (Applied Precision). Where indicated, 0.5% saponin was added to permeabilize the plasma membrane.
Immunoprecipitations and SDS-PAGE-Transfected 293T cells from one 10-cm plate were lysed with 1 ml of immunoprecipitation buffer containing phosphatase inhibitors, immunoprecipitated with 3 l of rabbit 6327 antiserum overnight, and fractionated on an 8% resolving gel as described previously (10) .
Western Blotting-293T cells were transfected with the indicated constructs, and equal amounts of crude membranes were normalized to total protein, or immunoprecipitated complexes were fractionated by reducing SDS-PAGE and blotted to a Immobilon membrane for immunodetection as described previously (11) . The blot was blocked and probed with a 1/5000 dilution of rabbit serum 6328 followed by incubation with a 1/20,000 dilution of goat anti-rabbit IRDye 680-conjugated antibody and visualized on a LI-COR instrument as described previously (31) .
Gel Staining-Resolving gels were fixed in a 30-ml solution of 50% methanol and 10% acetic acid for 30 min with gentle rocking. The solution was changed once for a total of two washes in the fixing solution. The gels were then washed three times in 100 ml of water for 10 min. 10 ml of Pro-Q Diamond phosphoprotein gel stain was added, and gels were rocked for 1.5 h in the dark. The gels were then destained with 80 ml of a solution of 20% acetonitrile, 50 mM sodium acetate (pH 4.0) for 15 min three times. The gels were then rinsed in water and scanned with a 532-nm laser on a Typhoon FLA 9500 imager (GE Life Sciences) (32) . After imaging, the gel was rinsed and stained with Coomassie Brilliant Blue.
Guanylyl Cyclase Assays-Crude membranes were prepared in phosphatase inhibitor buffer from 293T-GC-B cells as described previously (33) . All assays were performed at 37°C in a mixture containing 25 mM Hepes (pH 7.4), 50 mM NaCl, 0.1% BSA, 0.5 mM isobutylmethyl xanthine, 1 mM EDTA, 0.5 M microcystin, 10 mg/ml creatine kinase, 5 mM creatine phosphate, and 5 mM MgCl 2 . The time each reaction was incubated at 37°C is indicated in the figure legends. Unless otherwise indicated, 1 mM ATP and 0.1 mM GTP were included in the reaction solutions. Reactions were initiated by adding 60 l of prewarmed reaction mixture to 20 l of crude membranes suspended in 20 l of phosphatase inhibitor buffer alone (basal) or producing final concentrations of 1 M CNP or 1% Triton X-100 and 5 mM Mn 2ϩ Cl 2 , which was substituted for MgCl 2 . Reactions were stopped with 0.4 ml of ice-cold 50 mM sodium acetate buffer containing 5 mM EDTA. Cyclic GMP concentrations were determined by radioimmunoassay (34) .
125
I-CNP Binding Assays-Equal numbers of transiently transfected 293 cells were seeded in 24-well plates and grown to 70 -90% confluence. Cells were incubated for 1 h in DMEM containing 0.2% BSA at 37°C. Binding medium containing 1% BSA and 30 pM (20 nanocuries) of 125 I-CNP was added to each well and incubated at 4°C for 1 h. For nonspecific binding wells, 1 M of non-radioactive CNP was included in the binding buffer. For the competition binding assays, increasing concentrations of non-radioactive CNP were included in the binding buffer. The cells were washed with ice-cold PBS to remove nonspecifically bound 125 I-CNP. The cells were removed from the plate with 0.5 ml of 1 N NaOH, and the radioactivity of the cell extract was determined in a ␥ counter.
Tunicamycin Treatment-Four hours after 293T cells were transiently transfected, they were incubated with 2 g/ml tunicamycin for 24 h, and then membranes were prepared in phosphatase inhibitor buffer for analysis.
Statistical Analysis-Statistics and graphs were generated with Prism 5 software. p Values were obtained using Student's paired t test, and p Յ 0.05 was considered significant. The error bars within the symbols represent standard error.
Results
AMDM Mutants Are Incompletely Processed-Posttranslational processing of four intracellular AMDM causing mutants (L658F, Y708C, R776W, and G959A) was compared with WT-GC-B and GC-B-7A, a mutant containing alanine substitutions for the seven known phosphorylation sites (9) , in reduced SDS gels containing immunoprecipitated receptors from transiently transfected 293T cells. Coomassie staining ( Fig. 1 , top panel) of WT-GC-B revealed a slower migrating, diffuse species (top band) that is maximally glycosylated and phosphorylated and a second, faster migrating species (bottom band) that is incompletely glycosylated and not phosphorylated. A fainter, fastest migrating form corresponding to the unprocessed polypeptide is visible in some lanes ( Fig. 7 ) (8, 9) . The upper band was also present in GC-B-7A, indicating that the majority of the migration difference between the two species is not due to changes in phosphorylation. In contrast, the upper band was markedly diminished or undetectable in samples from the AMDM mutants. ProQ Diamond staining, a dye that binds GC-B in a phosphate-dependent manner (32), of the same gel indicated that only the slower-migrating, upper species of the WT receptor was phosphorylated (Fig. 1, bottom panel) .
The GC-B AMDM Mutants Bind CNP on the Surface of Cells-125 I-CNP binding assays were performed on live 293T cells transfected with the individual AMDM mutants, WT-GC-B as a positive control, and GFP as a negative control ( Fig. 2 , top panel). Low radiation levels in GFP-transfected cells and in GC-B-expressing cells exposed to excess non-radioactive CNP (nonspecific binding) confirmed that the binding was specific for GC-B. All four mutants specifically bound 125 I-CNP, consistent with GC-B being on the cell surface. Total 125 I-CNP binding to each mutant was variable and less than that observed for the WT receptor, which is expected because the mutants have reduced protein levels because of the lack of the completely processed and phosphorylated upper protein species only seen with WT-GC-B ( Fig. 1, top panel) . Competition binding assays indicated that the affinity of each mutant for CNP was similar to that of WT-GC-B (Fig. 2, bottom panel) .
These data indicate that all four mutants are on the cell surface and that glycosylation of GC-B is neither required to bind CNP nor required for GC-B to adopt a conformation capable of binding CNP.
Microscopic Detection Indicated That All Mutants Are on the Cell Surface-To verify that the mutants were on the cell surface, each mutation was introduced into an amino-terminally HA-tagged version of the human GC-B cDNA (35) and transiently expressed along with HA-WT-human GC-B in HeLa cells ( Fig. 3 ). GC-B was detected by probing non-permeabilized and permeabilized cells with a monoclonal antibody to the extracellular HA epitope (Fig. 3, green) . The plasma membrane was stained with wheat germ agglutinin ( Fig. 3, red) , and the nucleus was stained with DAPI ( Fig. 3, blue) . In the non-permeabilized cells ( Fig. 3, left panels) , no GC-B surface staining was observed on untransfected HeLa cells. However, a clear extracellular signal ( Fig. 3, green) was detected for all receptors when probed with an antibody against the N-terminal GC-B HA epitope. Furthermore, the signal for the plasma membrane marker ( Fig. 3, red) co-localized with all HA-tagged receptors (Fig. 3, yellow, merged) . For cells permeabilized with saponin ( Fig. 3, right panels) , extracellular staining was more diffuse, and receptor staining was also observed in intracellular nonnuclear regions. Again, receptor staining colocalized with plasma membrane staining ( Fig. 3, yellow) . However, for the L658F and Y708C mutants, much more cytoplasmic staining was observed in the permeabilized cells than with the WT enzyme or the R776W or G959A mutants. Together, these data verified that all mutants were on the cell surface.
AMDM Mutants Have Severely Reduced Guanylyl Cyclase Activity-The ability of the GC-B mutants to form active catalytic domains was examined in membranes from transfected 293 cells ( Fig. 4 ). GC activity was measured under basal, CNPstimulated, and detergent and manganese-stimulated conditions. The latter condition activates the enzyme independently of NP or phosphorylation and is an excellent indicator of total activated GC-B catalytic domain formation (9) . CNP increased the activity of WT-GC-B 568-fold over basal levels but only increased the activity of GC-B-G959A 36-fold and completely failed to activate the other three mutants. Triton X-100 and manganese increased WT-GC-B activity 704-fold over basal levels, but the AMDM causing mutant forms of GC-B were activated by detergent to less than 16% of WT levels. In contrast, the mutations had no effect on basal GC activity. Lack of Phosphorylation Does Not Explain the Inactivity of the AMDM Mutants-Because phosphorylation is required for CNP-dependent activation of GC-B (9), we tested whether lack of phosphorylation caused the mutant enzymes to be inactive. If this hypothesis was true, then the mutations should fail to inactivate a "constitutively phosphorylated" form of the enzyme, known as GC-B-7E, that contains glutamate substitutions for the seven known phosphorylation sites (13) . Introduction of the AMDM mutations in a plasmid expressing GC-B-7E resulted in incompletely processed enzymes that bind CNP on the cell surface but lack GC activity, as observed when the mutations were examined in the WT phosphorylated form of GC-B (Fig. 5) . These data indicate that the AMDM mutation-dependent loss in GC activity is independent of GC-B phosphorylation.
Blocking Glycosylation in the ER Inhibits CNP-and Detergent-stimulated Guanylyl Cyclase Activity-To test the effect of blocking ER mediated glycosylation on GC-B activity, WT-GC-B, GC-B-7E, GC-B-L658F, and GC-B-G959A were transfected in 293T cells in duplicate and incubated with or without tunicamycin, a chemical that inhibits the rate-limiting step of N-linked glycosylation in the ER (36) . Western blotting indicated that tunicamycin inhibited glycosylation of GC-B at a very early stage because cells treated with the drug only produced the fastest-migrating, unmodified doublet species and lacked the fainter upper most active species denoted by the large arrowhead in Fig. 6B . We have never seen the doublet lower species before but hypothesize that it represents the naked polypeptide chain of GC-B with and without the signal . Microscopic immunofluorescence detection indicates that the AMDM mutants are on the cell surface. HeLa cells were transiently transfected with HA-tagged WT-GC-B, the indicated HA-tagged ADMA mutants, or no plasmid DNA. Cells were fixed and stained as described under "Experimental Procedures" and then visualized using a Deltavision Personal DV microscope (Applied Precision). A, D, G, J, L, and O, non-permeabilized staining using an antibody against the HA epitope (green). B, E, H, K, M, and P, non-permeabilized plasma membrane staining using wheat agglutinin 594 (red). C, F, I, L, N, and Q, non-permeabilized colocalization of the HA-stain and plasma membrane stain (yellow). R, U, X, AA, DD, and GG, permeabilized staining using an antibody against the HA epitope (green). S, V, Y, BB, EE, and HH, permeabilized plasma membrane staining using wheat agglutinin 594 (red). T, W, Z, CC, FF, and II, permeabilized colocalization of the HA stain and plasma membrane stain (yellow).
peptide sequence, although we cannot rule out the possibility that it results from palmitoylation (37) . Consistent with glycosylation being required for the formation of a stimulated catalytic domain, CNP-and detergent-dependent guanylyl cyclase activities of the WT and mutant GC-B enzymes were dramatically reduced by tunicamycin treatment, whereas basal activity was unaffected. The reduction in stimulated activity was much greater for WT-GC-B and GC-B-7E because these enzymes were more glycosylated in the absence of tunicamycin ( Fig. 6B, top arrowhead) compared with GC-B-L658F and GC-B-G959A.
Mutation of the Asn-24 Glycosylation Site Reduces Guanylyl Cyclase Activity-Mutagenesis studies identified five N-linked glycosylation sites in GC-B, and the one that had the greatest effect on migration was Asn-24 (38) . Therefore, we mutated Asn-24 to Asp or Gln in WT-GC-B and the L658F AMDM mutant and assessed the guanylyl cyclase activity of the resulting enzymes in membranes from transfected 293 cells ( Fig. 7) . As expected, both Asp and Gln substitutions for Asn-24 reduced CNP and detergent-dependent GC activity as well as the slower migrating form of GC-B when introduced into the WT-GC-B backbone. However, the activity reduction observed for GC-B-L658F was greater than that observed for either Asn-24 mutation, which is expected given that the L658F mutant likely is missing multiple glycosylation sites based on the large increase in electrophoretic mobility compared with the WT enzyme. Importantly, ablating the Asn-24 glycosylation site did not increase the electrophoretic migration of the GC-B-L658F mutant, consistent with this mutant lacking glycosylation at that site.
Blocking Glycosylation in the Golgi Apparatus Does Not Inhibit GC Activity-To test the effect of Golgi-dependent glycosylation on guanylyl cyclase activity, WT-GC-B was expressed in regular 293T cells and a mutant 293 cell line lacking the Golgi enzyme, N-acetylglucosaminyltransferase I (Gnt1 Ϫ ). This enzyme adds complex sugars to proteins that have been trimmed of high mannose sugars added in the ER ( Fig. 8) . WT-GC-B isolated from the Gnt1 Ϫ cells lacked the fully processed, slowest migrating (upper) species and showed an increase in the incompletely processed middle form. However, total expression of GC-B in the Gnt1 Ϫ cells was similar to total GC-B expression in the 293T cells that express the Gnt1 I gene (Fig. 8, top panel) . Importantly, CNP-stimulated and detergent-stimulated activities were similar regardless of Gnt1 gene expression and Golgi-dependent glycosylation of GC-B. . The AMDM mutants have markedly reduced activated guanylyl cyclase activity. 293T cells were transiently transfected with plasmids containing GFP, WT-GC-B, or the indicated GC-B mutants. Crude membranes were prepared from the transfected cells and assayed for guanylyl cyclase activity under basal, CNP-stimulated, or Triton X-100 and manganese-stimulated conditions. The error bars represent the standard error, where n ϭ 6 from three experiments. FIGURE 5. Reduced phosphorylation does not explain the inactivation of the AMDM mutants. 293T cells were transiently transfected with plasmids encoding GFP, WT-GC-B, or the indicated GC-B mutants. A, GC-B proteins were isolated by sequential immunoprecipitation/SDS-PAGE purification followed by Western blotting detection. Peptide block indicates that the peptide antigen was or was not included in the immunoprecipitation reaction to specifically block binding to GC-B. B, equal numbers of cells were incubated for 1 h at 4°C with 30 pM 125 I-CNP in the presence or absence of non-radioactive CNP. The cells were rinsed with binding medium to remove nonspecific 125 I-CNP, removed from the plate with NaOH, and subjected to ␥ counting to determine the amount of specifically bound 125 I-CNP. The error bars represent the standard error, where n ϭ 3. C, crude membranes were prepared from the transfected cells and assayed for guanylyl cyclase activity under the indicated conditions. The error bars represent the standard error, where n ϭ 5 from three experiments. MAY 20, 2016 • VOLUME 291 • NUMBER 21
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Enzymatic Deglycosylation of Fully Processed GC-B Does Not
Reduce Enzymatic Activity-Finally, WT and mutant enzymes immunoprecipitated and bound to protein-A-agarose beads were incubated with or without PNGase F, which cleaves the covalent bond between the innermost GlcNAc and asparagine of the enzyme. The receptors were then purified by SDS-PAGE and visualized by Western blotting or assayed for guanylyl cyclase activity in the presence of Mn 2ϩ GTP and Triton X-100 ( Fig. 9, top panels) . The electrophoretic migration of the WT enzyme increased the most because it was more highly glycosylated. However, the electrophoretic mobility of the mutants also increased because they were partially glycosylated. Importantly, the electrophoretic mobility of the PNGase F-treated WT enzyme was the same as the mobility of the PNGase F-treated mutants. Thus, deglycosylation completely explains the increased migration of the mutant enzymes. However, PNGase F had no effect on the guanylyl cyclase activity of the WT or mutant enzymes.
To evaluate the effect of deglycosylation on CNP-dependent activity, membranes from 293T cells transfected with WT-GC-B were incubated with PNGase F and then assayed for CNP-and detergent-dependent GC activity or purified by immunoprecipitation and SDS-PAGE. The appearance of a faster-migrating species indicated that 12.2% of the total amount of GC-B was deglycosylated, and the corresponding decrease in the second band indicated that only the incompletely glycosylated form of GC-B was cleaved by PNGase F in membranes. Incomplete deglycosylation in the membranes compared with purified GC-B bound to protein-A-agarose is expected because the membranes contain more substrates for PNGase F. Nonetheless, no reduction in GC activity measured under CNP or detergent conditions was observed in membranes that were exposed to PNGase F, which is expected given that the upper completely glycosylated and active species was not cleaved. Taken together, these data are consistent with a model where N-linked glycosylation in the ER is required for proper folding of the catalytic but not the NP-binding domain of GC-B. However, when folded, terminal glycosylation is no longer required to produce a stimulated catalytic unit.
Discussion
Posttranslational modifications regulate the activity and location of proteins. Here we report that glycosylation is required for the formation of an activated catalytic domain but that it does not regulate the cellular location of GC-B or its ability to bind CNP. Importantly, we connect mutations that result in deglycosylated forms of GC-B to a disease for the first time.
Previous studies on the role of glycosylation on GC-A and GC-B were conflicting. Incompletely glycosylated GC-A was initially reported to lack the ability to bind 125 I-ANP (39) . In contrast, Miyagi et al. (40) identified five N-linked glycosylation sites in GC-A but found that glycosylation was not required for ANP binding . A third report demonstrated that incompletely glycosylated mutants of GC-A bound but could not be activated by ANP (41) . Regarding GC-B, mutagenesis of five of the seven potential N-linked glycosylation sites in the bovine receptor revealed that Asn-24 is a conserved glycosylation site and that mutagenesis of this site inhibits CNP-dependent cGMP elevations but does not affect the affinity of CNP for the membraneexposed receptor (38) . Here we determined that the single Asn-24 mutation decreased both the CNP-and detergent-dependent activity of GC-B, consistent with the notion of glycosylation being required for maximum enzymatic activity of GC-B. Our data are consistent with the majority of previously published observations showing that reduced glycosylation of GC-A and GC-B decreases cGMP generation but not natriuretic peptide binding.
Experiments employing tunicamycin and N-acetylglucosaminyltransferase I-deficient cells allowed the effects of GC-B glycosylation in the ER versus the Golgi apparatus to be tested independently of the AMDM mutations. Because only tunicamycin treatment decreased catalytic activity, we conclude that glycosylation in the ER is required for the catalytic domain to fold into an active conformation, consistent with glycosylation increasing the solubility and chaperone binding of proteins (42) . In contrast, neither blocking terminal glycosylation in the Golgi nor enzymatically removing sugar residues from the completely processed enzyme reduced the activity of GC-B. Interestingly, because the level of the lower, more rapidly migrating species of GC-B is unchanged between the WT and mutant enzymes, this suggests that the mutants are selectively degraded in a membrane-limited compartment of the cell, possibly by the incompletely glycosylated form being exported out of the ER and degraded in the cytoplasm.
A previous study using site-directed mutants correlated deglycosylated forms of GC-A with decreased guanylyl cyclase activity. However, because these mutants were also dephosphorylated, whether the loss of activity was due to lack of glycosylation or phosphorylation could not be determined (41) . Our experiments employing the constitutively phosphorylated GC-B-7E enzyme allowed the effects of phosphorylation and glycosylation to be separated for the first time. When inactivating AMDM mutations were engineered into a GC-B-7E backbone, the resultant enzymes were inactive. As a result of this report, we can now say that both processes are required for activation of GC-B, with each modification having a different purpose. Phosphorylation is required for transduction of the NP binding signal to the catalytic domain but not required for glycosylation, and it does not affect the formation of functional ligand binding or catalytic domains (9, 43) . In contrast, glycosylation is required for formation of a stimulated catalytic domain because prevention of glycosylation in the ER inhibits NP-and detergent-dependent but not basal GC activity.
Immunofluorescence imaging studies on mutant forms of GC-B in the initial AMDM report led to the conclusion that the mutations disrupted targeting of GC-B to the cell surface (25) . However, Amano et al. (24) subsequently showed that the Q417E dwarfism mutation did not affect surface expression of GC-B. Positive detection by Amano et al. (24) is likely explained FIGURE 9 . Enzymatic deglycosylation after normal processing does not inhibit GC-B activity. A, crude membranes were prepared from 293T cells stably expressing GC-B, and then GC-B was immunoprecipitated and incubated with or without PNGase F for 15 min at 16°C. SDS-PAGE-purified receptors were Western-blotted to verify deglycosylation. Guanylyl cyclase activity was assayed in the presence of Mn 2ϩ GTP and Triton X-100. B, crude membranes were treated with or without PNGase F for 15 min at 16°C and then Western-blotted or assayed for guanylyl cyclase activity as indicated. The enzyme control was from crude membranes that were first denatured by boiling and then treated with PNGase F for 1 h at 37°C. The total amount of GC-B (center band) cleaved was determined by analyzing the scanned image with ImageJ software.
by their use of an N-terminal versus C-terminal HA GC-B tag, which allowed surface protein detection in the absence of membrane-permeating agents. Our 125 I-CNP binding and immunofluorescence experiments on live cells clearly indicated that all four mutants are on the cell surface. The immunofluorescence data also indicated that the L658F and Y708C mutants have a partial trafficking defect, although this did not explain the loss of GC activity. Consistent with our results, Hachiya et al. (16) found that HA-tagged-GC-B-L658F bound 125 I-CNP when expressed in whole cells but lacked GC activity. Finally, we point out that, of the three bands commonly seen for GC-B on Western blots, it is only the uppermost band that correlates with guanylyl cyclase activity. Hence, in future studies, only the upper band should be measured when investigating the GC activity of the enzyme.
We conclude that ER-mediated glycosylation is required for CNP-and detergent-stimulated catalytic activity of GC-B. Furthermore, we report that four unique AMDM missense mutants produce a conformation that is incompatible with ERmediated glycosylation and result in proteins that bind CNP on the cell surface but lack stimulated guanylyl cyclase activity. Thus, our data refute the current "defective trafficking" hypothesis to explain the lack of activity of AMDM mutants. Finally, we predict that any homozygous mutation that inhibits ER-mediated glycosylation of GC-B will inactivate the enzyme and result in skeletal undergrowth. 
